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a b s t r a c t
Experience-dependent alterations in thehumanbrain’swhite-mattermicrostructureoccur in early adult-
hood, but it is unknown whether such plasticity extends throughout life. We used cognitive training,
diffusion-tensor imaging (DTI), and structural MRI to investigate plasticity of the white-matter tracts
that connect the left and right hemisphere of the frontal lobes. Over a period of about 180 days, 20eywords:
ging
ognitive training
lasticity
hite-matter microstructure
younger adults and 12 older adults trained for a total of one hundred and one 1-h sessions on a set
of three working memory, three episodic memory, and six perceptual speed tasks. Control groups were
assessed at pre- and post-test. Training affected several DTI metrics and increased the area of the anterior
part of the corpus callosum. These alterations were of similar magnitude in younger and older adults. The
ﬁndings indicate that experience-dependent plasticity of white-matter microstructure extends into old
age and that disruptions of structural interhemispheric connectivity in old age, which are pronounced in
xper
 aging, are modiﬁable by e
Several ﬁndings indicate that the brain’s white-matter displays
xperience-dependent changes in adulthood (Fields, 2008). For
xample, neural activity can induce myelination (Demerens et
l., 1996; Stevens, Porta, Haak, Gallo, & Fields, 2002) and rhesus
onkeys raised inenrichedenvironmentsdisplay larger corpuscal-
osum size and improved cognitive performance (Sanchez, Hearn,
o, Rilling, & Herndon, 1998). In humans, amount of piano practic-
ng in childhood and early adulthood correlates with white-matter
icrostructure as observed with diffusion-tensor imaging (DTI;
engtsson et al., 2005) and young adults practicing juggling show
icrostructural changes in white-matter (Scholz, Klein, Behrens,
Johansen-Berg, 2009). Considering that impairments in white-
atter integrity are pronounced in aging (for reviews, see Madden,
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Open access under CC BY-NC-ND license. ience and amenable to treatment.
© 2010 Elsevier Ltd. 
Bennett, & Song, 2009; Sullivan & Pfefferbaum, 2006), it is impor-
tant to examine whether such plasticity extends into old age,
and thus whether adult age-related differences in white-matter
integrity are modiﬁable by experience and amenable to treatment.
We investigated the plasticity of white-matter microstructure
in younger and older adulthood with a cognitive intervention
(Schmiedek, Lövdén, & Lindenberger, 2010). Twenty younger and
12 older adults participated in the intervention, which consisted
of an average of one hundred and one 1-h training sessions, each
comprising practice on 12 different cognitive tasks, three related
to working memory, three to episodic memory, and six to per-
ceptual speed. Pretests and posttests conducted before and after
training included DTI, which assess white-matter microstructure
by quantifying free diffusion of water (mean diffusivity) as well as
Open access under CC BY-NC-ND license.the directional rate (anisotropy) of water diffusion. Control groups
took part in identical DTI measurements.
In this study, we were particularly interested in the white-
matter tracts that connect the prefrontal cortices. These tracts are
located in the anterior part of the corpus callosum (i.e., genu; see
M. Lövdén et al. / Neuropsycholo
Fig. 1. (A) Midsagittal slice of a MD dataset showing corpus callosum sub-
segmented (Hofer & Frahm, 2006) into regions likely connecting the prefrontal (1;
genu), premotor and supplementarymotor (2),motor (3), sensory (4), and temporal,
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ately before the longitudinal practice phase. The posttest imaging session wasarietal, and occipital (5; splenium) cortices. (B)Mean change (; ±SE) frompretest
o posttest in mean diffusivity, and (C) fractional anisotropy in segment 1 (genu) of
he corpus callosum as a function of age and experimental group.
ig. 1A). This region shows more pronounced age-related decline
han more posterior regions of the corpus callosum (Burzynska et
l., 2010; Sullivan & Pfefferbaum, 2006). In addition, these age-
elated differences in structural connectivity can account for age
ifferences in cognitive performance (Madden, Spaniol, et al., 2009)
nd functional brain activation (Persson et al., 2006; Sullivan &
fefferbaum, 2006). Thus, from the perspective of aging research
t is highly relevant to investigate the possibility of experience-
ependent changes of the white-matter tracts connecting the
refrontal cortices. Notably, most of the cognitive tasks used in our
ntervention are known to activate the prefrontal cortices (Cabeza
Nyberg, 2000) and impose high attentional control demands that
equire interhemispheric communication (Banich, 1998; Mikels &
euter-Lorenz, 2004). Thus, it makes sense to predict that that our
ntervention should affect the structural integrity of the tracts that
onnect the prefrontal cortices, although the prefrontal cortices
re not the only brain regions activated by the tasks included in
he intervention. We therefore ﬁrst segmented the whole the cor-
us callosum on the pre- and post-test diffusion-tensor images
rom each participant with a semi-automatic technique (Niogi,
ukherjee, & McCandliss, 2007). Based on the geometric schemegia 48 (2010) 3878–3883 3879
proposed by Hofer and Frahm (2006), we then further divided the
corpus callosum into segments likely connecting the prefrontal
(segment 1; genu), premotor and supplementary motor (2), motor
(3), sensory (4), and temporal, parietal, and occipital (5; splenium)
cortices (see Fig. 1A). For each segment, we then obtained themean
value of the fractional anisotropy (FA) index, which reﬂects the
anisotropy of water diffusion in tissue due to the hindrance of
membranes and therefore is partly dependent on density and ori-
entational coherence of white-matter tracts, and the average value
of the mean diffusivity (MD), which reﬂects the degree to which
diffusion of water is free – without considering orientation – and
therefore serves as a measure for barrier sparseness. The segment-
speciﬁc FA means and MD means were used as primary dependent
variables from the DTI data.
1. Materials and methods
1.1. Participants
Participants were recruited through newspaper advertisements, word-of-
mouth recommendation, and ﬂyers circulated in Berlin, Germany, for a longitudinal
study (COGITO) on day-to-day variability of cognitive performance. This parent
study involved 101 younger (aged 20–31 years) and 103 older adults (aged 65–80
years) completing an average of 101 daily sessions of cognitive assessment. These
participants were also invited to, and 30 younger and 27 older eligible volunteers
were recruited for, diffusion tensor imaging (DTI) planned to take place before
(pretest) and after (posttest) the cognitive intervention phase. Younger (n=11) and
older (n=13) control groups were recruited to take part in imaging only. All partic-
ipants were right-handed, had normal or corrected-to-normal vision, and reported
no history of cardiovascular disease (except treated hypertension), diabetes, neu-
rological or psychiatric conditions, or drug/alcohol abuse. They reported no use of
anti-seizure or anti-depressant drugs. Older participants were screened for demen-
tia using the mini-mental state examination (MMSE; Folstein, Folstein, & McHugh,
1975) with a cut-off of 26.
Based on evaluations by a clinical neurologist, one younger and six older inter-
vention participants were excluded at pretest due to various brain abnormalities
as observed on structural (T1) images. Due to technical failures or imaging artefacts
(e.g.,movement) at pretest, DTI datawere lost for ﬁve younger and sevenolder inter-
vention participants. Four younger and two older intervention participants dropped
out during the longitudinal phase of the study. In the control groups, one younger
adult dropped out between pretest and posttest.
Thus, the effective sample for this article consisted of 20 younger (11 women;
Mage = 25.1; SD=2.8; range=20–30 years) and 12 older (7 women; Mage = 68.9;
SD=2.7; range=65–75 years) adults in intervention groups and 10 younger
(4 women; Mage = 25.6; SD=2.6; range=22–30 years) and 13 older (4 women;
Mage = 69.7; SD=3.5; range=65–76 years) adults in control groups. Intervention
groups and control groups were statistically comparable on chronological age
[t(28) =0.45, for young; t(23) =0.58, for old], vocabulary (Lindenberger, Mayr, &
Kliegl, 1993; cf. Lehrl, Merz, Burkard, & Fischer, 1991) scores assessed at pretest
[t(28) =0.64, for young; t(23) <0.01, for old], and MMSE scores [t(23) <0.60, for old].
Four older intervention participants and one older control participant were treated
for hypertension.
Participants in the intervention groups were paid between 1450 and 1950D ,
depending on the number of completed sessions and their pace of completing the
longitudinal phase of the study. Participants in the control groups were paid 200D .
All participants gave written informed consent to participate. The ethical review
boardof theOtto-von-GuerickeUniversity ofMagdeburg approved the imaging sub-
studyand the reviewboardofMaxPlanck forHumanDevelopment, Berlin, approved
the behavioral parent study.
1.2. Training procedures
During the longitudinal practice phase, intervention groups practiced three
working memory, three episodic memory, and six perceptual speed tasks during
on average one hundred and one (Myoung = 102, SDyoung = 3.3; Mold = 100, SDold = 3.7)
1-h sessions. Participants practiced individually in lab rooms containing up to six
computerized testing stations. In addition, intervention groups completed behav-
ioral pretests and posttests during ten sessions that consisted of 2–2.5h of cognitive
test batteries and self-report questionnaires (e.g., personality inventories). A pretest
brain-imaging session was conducted after the behavioral pretest and immedi-completed shortly after the completion of the behavioral posttest. The imaging
sessions were separated by an average of 179 days (Myoung = 183, SDyoung = 21.0;
Mold = 173, SDold = 25.2). The control groups took part in imaging pretests and
posttests only, which were separated by an average of 186 days (Myoung = 189,
SDyoung = 8.6; Mold = 184, SDold = 15.0).
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The tasks practiced by the intervention groups were administered with sev-
ral stimuli-presentation times at pretest. This procedure allowed for estimation of
ime-accuracy functions, which describe a persons accuracy as a function of presen-
ation time. To maximize and even out the cognitive challenge of these tasks across
ndividuals, while also maintaining motivation, the time-accuracy information was
sed for tailoring the difﬁculty of the subsequently practiced tasks by adjusting pre-
entation time for each individual at the start of the intervention. Presentation times
ere kept constant over the intervention period. The practiced tasks are described
n detail in the section below. Performance at pretest and posttest assessments,
ollapsed over presentations times, were used as dependent variables.
.2.1. Spatial working memory: 3-Back
A sequence of 39 black dots appeared at varying locations in a 4 by 4 grid. Par-
icipants had to respond to each dot as to whether it was in the same position as
he dot three steps earlier in the sequence or not. Four blocks were included in each
aily session.
.2.2. Numerical working memory: Memory updating
In each of four horizontally placed cells, four single digits (in the range of 0–9)
ere presented simultaneously for 4000ms. After an ISI of 500ms, eight updat-
ng operations were presented sequentially in a second row at varying horizontal
osition. The requested updating operations were additions and subtractions in the
ange of −8 to +8. Those updating operations had to be applied to the memorized
igits from the corresponding cells above and the updated results had to be memo-
ized. At the end of each trial, the four end results had to be entered in the four cells
n the upper row. Eight blocks were included in each daily session.
.2.3. Verbal working memory: Alpha span
Ten upper-case consonant letters were presented sequentially, together with a
umber below the letter. For each letter, participants had to decide as quickly as
ossible whether the number corresponds to the alphabetic position of the current
etter within the set of letters presented up to this step. Five of the ten items were
argets. Eight blocks were included in each daily session.
.2.4. Figural–spatial episodic memory: Object–position memory
Sequences of 12 coloured photographs of real-world objects were displayed at
ifferent locations in a 6×6 grid, which thus contained 36 possible screen-locations
t which an object could be presented for encoding. After this presentation phase,
he objects appeared at the bottom of the screen (below the 6×6 grid) and had to
e moved in the order of which they were presented during encoding to the correct
ocations, by clicking on objects and locationswith the computermouse. Two blocks
ere included in each daily session.
.2.5. Numerical episodic memory: Number–noun pairs
Lists of 12 two-digit numbers and nouns in plural case pairs were presented
equentially. After presentation, all numbers had to be entered prompted in random
rder by the nouns. Two blocks were included in each daily session.
.2.6. Verbal episodic memory: Word lists
Lists of 36 nouns were presented sequentially. After presentation, the ﬁrst three
etters of each word had to be entered in correct order using the keyboard. Two
locks were included in each daily session.
.2.7. Perceptual speed: Choice reaction tasks (CRT)
Three CRTs were based on the same stimulus layout, the seven lines of the num-
er “8” as displayed on pocket calculators. Stimuli were masked with a stimulus
hat combined this “calculator 8” with extending lines in all 10 possible directions.
ossiblemasking timeswere 1, 2, 4, or 8 screen cycles (12, 24, 47, or 94ms). Depend-
ng on pretest performance, two out of these masking times (one fast and one slow
ondition) were chosen for each participant. Each CRT block consisted of 40 stimuli,
0 for the fast and 20 for the slow condition, with randomly chosen stimuli out of
he two response categories. In the ﬁgural (symmetry) task, stimuli were either the
pper or lower two lines to the left and right of the “calculator 8” (symmetric con-
ition), or the two possible combinations of one upper and one lower line at the left
nd right (asymmetric condition). In the numerical (odd–even) task, stimuli were
3”, “5”, and “7”, for the odd and “2”, “4”, and “6” for the even condition. In the verbal
consonant–vowel) task, stimuli were “F”, “H”, and “P” for the consonant and “A”,
E”, and “U” for the vowel condition.
.2.8. Perceptual speed: Comparison tasks
In the ﬁgural comparison task, two “fribbles”, coloured three-dimensional
bjects consisting of several connected parts, were shown to the left and right of the
creen and participants had to decide as quickly as possible whether both objects
ere exactly the same or different. If different, objects differed only by one part.
mages of fribbles used in this task are courtesy of Michael J. Tarr, Brown Univer-
ity, http://www.tarrlab.org/. In the numerical comparison task, two strings of ﬁve
umbers each appeared to the left and right of the screen and participants had to
ecide as quickly as possible whether both strings were exactly the same or differ-
nt. If different, strings differed only by one number. Number stringswere randomlygia 48 (2010) 3878–3883
assembled using digits 1–9. In the verbal comparison task, two strings of ﬁve let-
ters each appeared to the left and right of the screen and participants had to decide
as quickly as possible whether both strings were exactly the same or different. If
different, strings differed only by one letter. Letters were lower case and randomly
assembled from all consonants of the alphabet, precluding the possibility that they
combined to real words. In each session, two blocks of 40 items were included for
each comparison tasks, with equal numbers of same and different combinations.
1.3. Magnetic-resonance imaging (MRI) acquisition
At pretest and posttest, magnetic resonance images were acquired using a GE
Signa LX 1.5-T system (General Electric,Milwaukee,WI)with actively shieldedmag-
netic ﬁeld gradients (maximum amplitude 40mTm−1). The MR protocol included a
T1-weighted sagittal 3D scan (contrast-optimized spoiled gradient-echo sequence,
124 slices, slice thickness =1.5mm, FOV 250mm×250mm; 256×256 matrix;
TE=8ms; TR=24ms; ﬂip angle =30◦) and a single-shot diffusion-weighted spin-
echo-refocused echoplanar imaging sequence (FOV 280mm×280mm; 128×128
matrix interpolated to 256×256; TE=70ms; TR=10000ms; 39 slices; slice thick-
ness 3mm; b-value 1000 s/mm2). The data for diffusion tensor calculations were
collected with 12 non-collinear gradient orientations, each additionally measured
with the opposite diffusion gradient polarity. The orientations were chosen accord-
ing to the DTI acquisition scheme proposed by Papadakis, Xing, Huang, Hall, and
Carpenter (1999). The total of 24diffusion-weightedmeasurements, eachanaverage
of four measurements, were divided into four blocks, each preceded by a non-
diffusion-weighted acquisition.
1.4. DTI analyses
The diffusion tensor images were eddy-current corrected (Bodammer,
Kaufmann, Kanowski, & Tempelmann, 2004) and then corrected for head motion
based on the non-diffusion-weighted images (Woods, Grafton, Holmes, Cherry,
& Mazziotta, 1998). Diffusion tensors were calculated for each voxel and further
decomposed into eigenvalues and eigenvectors. On the basis of the eigenvalues,
mean diffusivity (MD) and fractional anisotropy (FA) maps were computed. For
secondary analyses, we also computed maps displaying the axial and the radial
diffusivity components, which reﬂect the diffusivity along the principal axis (i.e.,
longitudinal or parallel diffusivity) and the diffusivities of the two minor axes (i.e.,
perpendicular diffusivity), respectively. Each of these maps were visually inspected
for imaging artifacts (e.g., movement, susceptibility artifacts).
After exact sagittal alignment of the diffusion tensor data and coregistration of
pretest and posttest images (with nearest-neighbor assignment) a semi-automated
segmentation of the corpus callosum (CC) was performed using the algorithm
described by Niogi et al. (2007) implemented in Matlab (Mathworks Inc., Natick,
MA). This approach classiﬁes voxels as potentially being part of the CC dependent
on the voxels’ principal diffusion direction in combination with the voxel-inherent
FA. This segmentation stepwas visually inspected by one operator to avoid that vox-
elswere erroneously classiﬁed as belonging to the CC. For this purpose, wemodiﬁed
Niogi andcolleagues’ algorithmslightly. Inour implementation, groupsof connected
CC candidate voxels form clusters, from which the operator selects those that con-
stitute the CC. Only voxels selected for both the pretest and the posttest dataset (the
intersection) were used for further analysis, which reduces partial volume effects
and minimizes potential confounds with volume changes. The voxels obtained from
nineconsecutivemidsagittal sliceswere thenautomatically subdivided intoﬁveseg-
ments by applying the geometric scheme presented by Hofer and Frahm (2006; Fig.
1A). These segments were shown by Hofer and Frahm (2006) to reliably distinguish
between tracts connecting the prefrontal (segment 1), premotor and supplementary
motor (2), motor (3), sensory (4), and temporal, parietal, and occipital cortices (5).
Meanpretest and posttest values ofMD, FA, and also axial and radial diffusivitywere
extracted from all CC partitions for each participant and time point. The test–retest
(pretest–posttest) Pearson correlations of these measures were high for segment
1 (genu: rFA = 0.81; rMD =0.87; raxial = 0.88; rradial = 0.83) and segment 5 (splenium;
rFA = 0.80; rMD =0.60; raxial = 0.71; rradial = 0.73), indicating high stability and reliabil-
ity of these measures. The correlations for the other three segments were lower
(segment 2: rFA = 0.67; rMD =0.37; raxial = 0.50; rradial = 0.27; segment 3: rFA = 0.40;
rMD =0.23; raxial = 0.34; rradial = 0.02; segment 4: rFA = 0.64; rMD =0.20; raxial = 0.41;
rradial = 0.01), presumably due to the smaller regions of interest. Thus, the trustwor-
thiness of the segment 1 and segment 5 measures is high, whereas statistical power
will be lower for segments 2–4 due to the lower stability and/or reliability of the
measures from these segments, and the results for these segments should thus be
interpreted with caution.
1.5. Segmentation of T1 MRI data
To assess the midsagittal area of the CC, a single operator manually aligned the
T1-weighted 3D dataset exactly along the interhemispheric ﬁssure and then manu-
ally segmented CC on themidsagittal slice. For all data sets the operatorwas blinded
to the time of assessment and group status. The voxels obtained from the midsagit-
tal slice were then automatically subdivided into the ﬁve partitions by applying
the geometric scheme used for the DTI analyses (Hofer & Frahm, 2006; Fig. 1A).
The test–retest correlations for these measures were all above 0.88, indicating high
stability and reliability of these measures.
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Table 1
Mean diffusivity (mean and standard deviation in mm2/s) as a function of corpus callosum segment, time of assessment, and experimental group.
Segment Younger intervention Younger control Older intervention Older control
Pretest Posttest Pretest Posttest Pretest Posttest Pretest Posttest
M SD M SD M SD M SD M SD M SD M SD M SD
1 0.863 0.026 0.853 0.034 0.858 0.026 0.859 0.030 0.877 0.045 0.861 0.043 0.908 0.051 0.906 0.046
2 0.922 0.083 0.900 0.075 0.921 0.102 0.901 0.068 0.940 0.093 0.935 0.060 0.960 0.096 1.013 0.079
3 0.911 0.101 0.939 0.132 0.907 0.082 0.918 0.078 0.929 0.090 0.933 0.072 0.934 0.115 1.018 0.110
4 0.950 0.097 0.995 0.131 0.975 0.127 0.994 0.106 1.025 0.154 1.027 0.109 1.005 0.118 1.047 0.084
5 0.855 0.032 0.865 0.031 0.856 0.028 0.869 0.030 0.886 0.035 0.894 0.031 0.874 0.034 0.877 0.035
Table 2
Mean fractional anisotropy (mean and standard deviation) as a function of corpus callosum segment, time of assessment, and experimental group.
Segment Younger intervention Younger control Older intervention Older control
Pretest Posttest Pretest Posttest Pretest Posttest Pre-test Posttest
M SD M SD M SD M SD M SD M SD M SD M SD
1 0.700 0.019 0.708 0.027 0.700 0.045 0.701 0.044 0.655 0.022 0.670 0.026 0.673 0.028 0.667 0.029
0.06
0.05
0.04
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(2 0.628 0.038 0.626 0.048 0.627 0.053 0.623
3 0.643 0.051 0.627 0.060 0.635 0.049 0.621
4 0.605 0.063 0.604 0.050 0.575 0.063 0.580
5 0.703 0.027 0.702 0.029 0.696 0.020 0.700
.6. Statistical analyses
The inclusion of control groups enables dissociation of true intervention-related
hanges from confounding changes, such as maturation, aging-related decline, and
ime-of-year effects. With a control-group design, the critical intervention effect is
evealed by an interaction between time of assessment (pretest vs. posttest) and
xperimental group (intervention vs. control); that is, changes between pretest and
osttest for intervention groups that are signiﬁcantly different from those for con-
rol groups. Similarly, age-related differences in intervention effects are revealed
y an interaction between age group, time of assessment, and experimental group.
o address these effects, we performed a series of univariate 2 (time; pretest vs.
osttest)×2 (experimental group; intervention vs. control)×2 (age group; young
s. old) mixed analyses of variance (ANOVAs) separately for mean MD and FA of
ach of the ﬁve corpus callosum segments. These analyses were followed up with
aired t-tests to probe the signiﬁcance of the changes for each group separately. The
hreshold for signiﬁcance was 0.05.
To maximize reliability of the cognitive data, we computed unit-weighted
omposites of the tasks measuring each cognitive ability. Each measure was ﬁrst z-
ransformed using the means and standard deviations of the total sample at pretest
s reference, so that age and time differences were preserved. Next the individual
easures ofworkingmemory (three tasks), episodicmemory (three tasks), and per-
eptual speed (six tasks) were averaged to form the three composites. Because the
ognitive data were only available for the intervention groups, we analyzed perfor-
ance for these groups with a series of univariate 2 (time; pretest vs. posttest)×2
age group; young vs. old) mixed analyses of variance (ANOVAs) separately for
he three cognitive composites. For the corpus callosum segments displaying sig-
iﬁcant intervention-related mean changes, we additionally correlated changes in
erformance (i.e., difference scores; posttest–pretest), as indexed by the cognitive
omposites, with changes in FA and MD. Partial correlations were computed with
he two age groups collapsed, controlling for the inﬂuence of age. The threshold for
igniﬁcance (0.05) was corrected for multiple comparisons.. Results
Results from ANOVAs applied to the primary DTI data (Fig. 1,
ables 1 and 2) revealed intervention-related change in the form
able 3
ean cognitive performance on trained tasks as a function of age group and time.
Measure Younger intervention
Pretest Posttest
M SD M
Working memory 0.46 0.63 1.57
Episodic memory 0.34 0.89 1.44
Perceptual speed 0.29 0.57 1.62
ote: The measures are averages of z-standardized (using the M and SD of the total sample
three tasks), and perceptual speed (six tasks), respectively.0 0.600 0.042 0.617 0.029 0.603 0.049 0.604 0.044
9 0.609 0.042 0.634 0.032 0.625 0.068 0.610 0.054
6 0.569 0.056 0.593 0.055 0.598 0.051 0.582 0.051
2 0.686 0.033 0.690 0.028 0.692 0.032 0.688 0.032
of an interaction between experimental group (intervention vs.
control) and time (pretest vs. posttest) for MD (Fig. 1B) in seg-
ment 1 (genu) of the corpus callosum, F(1,51) =4.40, p=0.041.
MD decreased in both the younger, t(19) =2.57, p=0.019, and the
older intervention group, t(11) =2.39, p=0.036. The control groups
showed no signiﬁcant changes, both ts <0.21. FA (Fig. 1C) dis-
played a similar pattern of intervention-related change in segment
1, F(1,51) =6.08, p=0.017. The older intervention group increased
signiﬁcantly in FA, t(11) =3.12, p=0.010, but the increase for the
younger intervention group did not reach signiﬁcance, t(19) =1.64.
The control groups showed no signiﬁcant changes, ts <1.22. The
main effect of age reached signiﬁcance for both MD, F(1,51) =8.49,
p=0.005, and FA, F(1,51) =22.06, p<0.001. MD increased and FA
decreased with age (see Tables 1 and 2). No other effects reached
signiﬁcance. Note especially that the age by experimental group by
time interaction were neither signiﬁcant for MD nor for FA, both
Fs(1,51) <1.84, indicating that the intervention-related effect did
not differ signiﬁcantly between age groups. Note also that the main
effect of experimental groupwasnot signiﬁcant, and that additional
univariateANOVAsonpretest FA-andMD-valuesatpretest showed
no signiﬁcant effect of experimental group [both Fs(1,51) <1.5],
indicating the experimental groups were comparable on the pri-
mary DTI data at baseline. No other segment displayed signiﬁcant
intervention-related change, Fs(1,51) <1.75.
To explicitly examine the potential regional selectivity of the
intervention-related effect observed in the genu, we conducted
additional ANOVAs including segment as a two-level factor (seg-
ment 1 vs. segment 5). Segment 5 (i.e., the splenium) was chosen
as the control region in these analyses because its’ similar size and
overall comparable reliability of the FA andMDmeasureswith seg-
Older intervention
Pretest Posttest
SD M SD M SD
0.82 −0.77 0.49 0.52 0.61
1.20 −0.57 0.46 0.05 0.95
0.67 −0.49 0.55 0.30 0.80
at pretest) individual measures of working memory (three tasks), episodic memory
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size in this study limits the power to detect such age interac-ig. 2. Mean change (; ±SE) from pretest to posttest in (A) radial diffusivity, (B)
xial diffusivity, and (C) area (number of voxels) of segment 1 (genu) of the corpus
allosum as a function of age and experimental group.
ent 1 (i.e., the genu). In these analyses, the effect of interest is the
xperimental group by time by segment interaction, which picks
p differences in intervention-related changes between the seg-
ents. There was a non-signiﬁcant trend for such an effect for
A, F(1,51) =3.23, p=0.078, and a non-signiﬁcant result for MD,
(1,51) =1.48, p=0.229.
Cognitive performance (see Table 3) increased over time for
orking memory, F(1,30) =199.44, p<0.001, episodic memory,
(1,30) =59.54, p<0.001, and perceptual speed, F(1,30) =121.40,
< 0.001.Youngeradultshadhigher scoresonall cognitive compos-
tes, working memory, F(1,30) =24.47, p<0.001, episodic memory,
(1,30) =12.28, p<0.001, and perceptual speed, F(1,30) =23.37,
< 0.001. The age group by time interaction reached signiﬁcance
orperceptual speed, F(1,30) =7.69,p=0.009, andepisodicmemory,
(1,30) =4.68, p=0.039, indicating larger increases over time for
ounger relative to older adults. No other effects were signiﬁcant.
Next, we correlated changes in performance on the working
emory, episodic memory, and perceptual speed composites with
hanges inFAandMD.We focusedonsegment1because this region
howed signiﬁcant intervention-related change. We included both
ounger and older adults that took part in training and partialed for
he inﬂuence of age. None of the correlations reached signiﬁcance
all ps >0.21).gia 48 (2010) 3878–3883
Finally, to further probe the observed changes in segment 1, we
performed secondary analyses of radial and axial diffusivity. Here,
the ANOVAs revealed a signiﬁcant intervention-related decrease in
radial (Fig. 2A), F(1,51) =6.60, p=0.013, but not in axial (Fig. 2B),
F(1,51) <0.03, diffusivity. In addition, we observed signiﬁcant
intervention-related increase for the midsagittal area of segment
1 (Fig. 2C) on structural high-resolution images, F(1,51) =22.88,
p<0.001.
3. Discussion
This study shows that white-matter microstructure, as indexed
by FA and MD obtained from the anterior part of the corpus cal-
losum, is modiﬁable by experience in both younger and older
adulthood. These results add validity to evidence of experience-
dependent plasticity ofwhitematter in early adulthood (e.g., Fields,
2008; Scholz et al., 2009) and reveal that such plasticity extends
into old age, thereby clearly demonstrating that experience can
change white-matter microstructure well beyond periods of the
lifespan during which maturational myelination occurs. Most of
the cognitive tasks that we used to induce experience-related
white-matter changes are known to involve the prefrontal cor-
tices (Cabeza & Nyberg, 2000) and demand attentional control that
requires interhemispheric communication (Banich, 1998; Mikels &
Reuter-Lorenz, 2004). Thoughother brain regions are also activated
by the trained tasks, it is likely that the treatment we leveraged,
which was massive in terms of the range of administered tasks and
intensiveness, induced these changes. In addition, factors such as
the increased social stimulation due to the extensive training pro-
cedure may have contributed to the observed effects. Regardless of
the relative contribution of these factors, our ﬁndings lead to the
novel conclusion that experience-dependent plasticity of white-
matter microstructure is also present in later adulthood. Whether
such plasticity is restricted to relatively healthy young–old (65–75-
year old) adults, constituting the sample in this study, or whether
plasticity of white-matter also extends into very old age is a topic
for future research.
Though great care should be taken when linking observed
changes in DTI metrics to potential histological changes (e.g.,
Wheeler-Kingschott & Cercignani, 2009), our secondary analyses
of radial (i.e., perpendicular) and axial (i.e., parallel) diffusivity of
the most anterior segment of corpus callosum reveal an intriguing
pattern of changes in radial, but not in axial, diffusivity – a pat-
tern that has been linked to myelination (Alexander, Lee, Lazar, &
Field, 2007; Song et al., 2005). In addition, we observed signiﬁcant
intervention-related area increase for this segment. This ﬁnding
argues against dehydration as a cause of the observed diffusivity
changes. The possibility that experience may induce an increase in
myelination is well compatible with the observation that myeli-
nation is not static across adulthood. Rather, there is complex and
ongoing dynamics of demyelination and myelination across adult-
hood (Bartzokis, 2009; Wozniak & Lim, 2006), possibly pointing to
a persistent potential for experience-dependent plasticity.
We note that the analyses did not detect any signiﬁcant age-
related differences in plasticity of white-matter microstructure,
which contrasts with reports of age-related decline in training-
related improvements in cognitive performance (e.g., Kliegl, Smith,
& Baltes, 1989), functional brain activity (Lustig, Shah, Seidler, &
Reuter-Lorenz, 2009), andgraymatter structure (Boyke,Driemeyer,
Gaser, Buchel, & May, 2008). Though the relatively small sampletions, we note that the older adults in this study, if anything,
displayed numerically larger intervention-related increases than
younger adults (see Fig. 1, Tables 1 and 2). In this vein,we also high-
light that the absence of intervention-related effects in segments
ycholo
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mated image registration: I. General methods and intrasubject, intramodality
validation. Journal of Computer Assisted Tomography, 22(1), 139–152.M. Lövdén et al. / Neurops
–4 (i.e., the body of the corpus callosum) should be interpreted
ith caution, considering the low reliabilities of the DTI measures
n these segments. The absence of signiﬁcantly larger intervention-
elated changes in segment 1 as compared with segment 5 also
imit inferences of regional selectivity of the observed effects. How-
ver, we hasten to add that we observed a non-signiﬁcant trend for
uch an effect for FA and that null-ﬁndings should not be overin-
erpreted considering the limited power of the study to detect such
nteractions.
Our ﬁndings of experience-dependent plasticity of white-
atter microstructure inform research on several disorders (e.g.,
chizophrenia and late-onset Alzheimer’s disease) in which dis-
upted connectivity is a major cause for dysfunction (Bartzokis,
009; Feng, 2008; Fields, 2008) and are particularly applicable
o aging-related cognitive decline. White-matter microstructure
n the genu is linked to cognitive decline in aging (Madden,
paniol, et al., 2009) and to increases of activation in the prefrontal
ortices during cognitive tasks (Persson et al., 2006). These age-
elated functional differences might partially be accounted for by
eductions in the efﬁciency of inter-hemispheric communication
O’Sullivan et al., 2001; Sullivan & Pfefferbaum, 2006) and disrup-
ion of synchronous operation of brain networks (Andrews-Hanna
t al., 2007), stemming from age-related white-matter degrada-
ion (Sullivan & Pfefferbaum, 2006). Though we did not detect any
igniﬁcant associations between altered white-matter microstruc-
ure and improvements in cognitive performance in this study,
hich is not surprising considering the potentially low reliability
f raw difference scores and the limited sample size for analyzing
etween-person differences, our ﬁndings open new opportuni-
ies for future studies to address how improved white-matter
icrostructure might enhance such neural processes. That is,
he discovery of experience-dependent plasticity of white-matter
icrostructure in later human adulthood adds promise to attempts
o attenuate cognitive impairments in aging.
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